1. Introduction {#sec1}
===============

Calcium carbonate (CaCO~3~), the principal component of limestone and marble, is one of the most abundant minerals in the earth.^[@ref1]^ The compound precipitates as sediment from the world's oceans,^[@ref2]^ speleothems (stalagmites, stalactites, *etc*.) in caverns,^[@ref3],[@ref4]^ and unwanted deposits in plumbing and sewage systems.^[@ref5]^ It also plays a significant role in the construction of marine organisms, including the shells of exoskeletons, the imaging eye lens of trilobites, and the love darts of gastropods.^[@ref6],[@ref7]^ Calcium carbonate has a variety of polymorphs, including the three primary crystallographic phases of calcite, aragonite, and vaterite,^[@ref8]^ which grow selectively according to the level of supersaturation.^[@ref9]^ Because of academic and applied interest in the varying physical and chemical properties of these polymorphs, their mineralization has been studied extensively for decades using an X-ray diffractometer, Fourier-transform infrared spectroscopy (FT-IR), and thermogravimetry-differential thermal analysis (TG-DTA).^[@ref10]−[@ref15]^

Even though *in situ* transmission electron microscopy (TEM) can provide direct imaging of polymorph precipitation, it has been rarely applied because precursor solutions are incompatible with the vacuum environment of the equipment. Recently, owing to the development of liquid cell TEM (LC-TEM), mineralization mechanisms previously unknown have been revealed at a restricted spatial resolution because of the electron-beam sensitivity of the minerals.^[@ref16]−[@ref19]^

In this study, we used graphene liquid cell (GLC) TEM to investigate mineral precipitation under highly supersaturated conditions. The GLC is fabricated with a thin window of graphene separating the liquid specimen from the vacuum environment, which enables us to analyze the mineralization dynamics and the polymorphism evolution at an atomic level by direct *in situ* observation.

2. Results and Discussion {#sec2}
=========================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows a schematic of the GLC structure composed of graphene membranes and an entrapped reactant solution. We utilize multilayer graphene for both atomic resolution and high yield for GLC fabrication.^[@ref20]^ It is observed that the solution is successfully entrapped by the graphene membranes and extensively distributed throughout the TEM grid ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_001.pdf)). Upon electron beam irradiation, the minerals are crystallized because of the evaporation of water and subsequent increase in supersaturation. Using high-resolution TEM (HRTEM), we identify the phases of the precipitates. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b shows the Wiener-filtered HRTEM images of the coprecipitated calcite and aragonite polymorphs in the GLC (raw images are shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_001.pdf)). We confirm the phase of each particle by matching the HRTEM images with the simulated images. Remarkably, aragonite polymorphs, which are stable under highly supersaturated conditions, are newly formed during crystallization, in addition to calcite polymorphs. Although aragonite is more soluble than calcite, under high evaporation rates, the solution is supersaturated with aragonite.^[@ref21]^

![(a) Schematic of the GLC structure containing the calcium bicarbonate solution. The precursor solution is prepared by bubbling carbon dioxide gas into the calcite-suspended water. The precursor solution is then trapped with multilayer graphene membranes. When the GLC was exposed to the electron beam, particles are precipitated as water evaporates. (b) Filtered HRTEM images of the precipitates and the corresponding FFTs with each crystal structure of calcite and aragonite. Simulated images are presented in each of the HRTEM images, surrounded by the dotted yellow line. Z.A. is the zone axis.](ao0c01300_0001){#fig1}

We track the mineralization dynamics with a series of dark-field TEM (DF-TEM) images ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_002.mp4)) acquired by selecting the diffraction spot of the precipitates ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_001.pdf)). The thickness contrast of the solution gradually diminishes because of the evaporation of water. Gas products (H~2~, O~2~, and CO~2~) are outgassed through the defects of the graphene membrane that are formed during the wet transfer process.^[@ref22],[@ref23]^ Calcium carbonate particles are nucleated because of the significant changes in the saturation level, followed by nanoparticle growth with further irradiation from the electron beam. At 240 s, the growth of particles eventually stops as the ion species are completely exhausted. The precipitation process in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a is quantitatively analyzed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b--d. The graphs in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b show the number of particles and their total projection areas as a function of irradiation time *t*. The number of particles increases dramatically until 60 s, indicating that the initial precipitation process is mainly governed by the nucleation process that is attributed to the supersaturated conditions (Stage 1).^[@ref24]^ After 60 s, the growth rate of the amount of precipitate decreases substantially until 160 s, whereas the growth rate of the total area remains similar to that in the nucleation step. These results indicate that the mineralization process transfers to the growth step from the nucleation step (Stage 2). From 160 s, the amount of precipitate slightly decreases while maintaining the total area, which is explained by Ostwald ripening and coalescence (Stage 3) ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_001.pdf)). Here, the suggested stages are categorized by the overall growth kinetics based on [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, indicating that the crystallization behavior of the individual particles can differ slightly from the suggested stages. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, a plot of the logarithmic relationship between the particle radius and irradiation time demonstrates that the radii of the precipitates increase proportionally to *t*^1/3^ in the second stage, suggesting that the growth is limited primarily by the diffusion process.^[@ref25]^ The concentration of the precursor species near the particles is reduced significantly in the nucleation step, resulting in the diffusion-limited growth process within Stage 2.

![*In situ* dark-field TEM analysis of CaCO~3~ crystallization. (a) Time series images corresponding to each mineralization stage. (b) Each black and blue dot gives the number of particles and total projected area of all precipitates as a function of irradiation time *t*. Based on the dynamics of mineralization, the whole process is divided into three stages: nucleation, diffusion-limited growth, and Ostwald ripening/coalescence. Red solid lines show the trends in each stage. (c) Logarithm relationship between the radius *r* of the particles and *t*. (d) Increase in the ratio of the number of particles larger than *r* during the growth step (Stage 2), Δ*R*~60,160~(*r*). The peak indicated by the red dotted line shows the critical radius for the nucleation, *r*~c~(nucleation).](ao0c01300_0002){#fig2}

To determine the critical radius for further stable growth, we introduce an experimental calculation method based on the fundamental definition of the critical radius (see the [Experimental Section](#sec4){ref-type="other"}). The critical radius for the transition from nucleation to diffusion-limited growth is determined ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) from the variation in the particle size distribution over time. The introduced index, Δ*R*~*t*~1~,*t*~2~~(*r*), the increase in the ratio of the number of particles larger than the radius *r* from *t*~1~ to *t*~2~, is locally maximized at the critical radius. During the growth step in Stage 2 (from 60 to 160 s), particles larger than the critical radius continue to grow, meaning that Δ*R*~60,160~(*r*) is locally maximized as the *r* approaches the critical radius of the nuclei, *r*~c~(nucleation). Therefore, the peak indicated by the red dotted line corresponds to the *r*~c~ = 1.9 nm. From the calculated *r*~c~ value, we can obtain the average supersaturation level of the solution of 8.54--9.25, based on classical nucleation theory (see [Experimental Section](#sec4){ref-type="other"}).

*In situ* HRTEM is conducted ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_003.mp4)) to analyze the crystallization of the polymorphs observed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. An inverse fast Fourier transform (IFFT) is used to clarify the polymorphs in the series of images ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_001.pdf)). Nanocrystals, nucleated from 40 s, correspond to the metastable polymorph of aragonite (magenta). The aragonite particles nucleate continuously until 3 min 30 s. Sequentially, the most stable phase of the calcite precipitates from 3 min 38 s (green). Nucleation from aragonite to calcite is clearly identified here, which is ordered by their nucleation barriers and surface energies.^[@ref26]^ Therefore, the mineralization of CaCO~3~ follows Ostwald's rule of stages, describing that the crystallization of the thermodynamically stable phase is preceded by the formation of metastable polymorphs. Open questions remain regarding the appearance of the amorphous phase, which is a key precursor of crystalline polymorphs. Several *in situ* TEM studies suggest that the amorphous phase is directly transformed into nanocrystals.^[@ref19],[@ref27]^ However, the spatial resolution of the experiments does not allow us to clarify the existence of the amorphous calcium carbonate phase at the initiation of nanocrystal formation.

![Time series HRTEM images of mineralization are acquired. Nanocrystals are color-coded using IFFTs, where magenta and green represent aragonite and calcite polymorphs, respectively. FFT patterns from the white dotted box are indexed below the corresponding image. The sequential growth of CaCO~3~ polymorphs, from aragonite to calcite, shows that the mineralization follows Ostwald's rule of stages. (Z.A. is the zone axis.)](ao0c01300_0003){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the schematics representing the proposed mineralization mechanism under electron beam irradiation as the following sequential reactions.

![Schematic describing the whole mineralization process in the GLC. Calcium carbonate minerals are precipitated in the highly supersaturated solution by the evaporation of water and the degassing of carbon dioxide. The mineralization process occurs in three distinct stages. Under the highly supersaturated conditions, mineralization of the metastable aragonite phase is preceded by the stable calcite phase.](ao0c01300_0004){#fig4}

Initially, calcium and bicarbonate hydrated solutions are prepared by the Kitano method. Carbonic acid and aqueous carbon dioxide are also present in the solution.

Upon electron beam irradiation, the incident electrons interact with and decompose the water molecules. The decomposition products (e~h~^--^, H^•^, H~2~, H~2~O~2~, H~3~O^+^, and HO~2~^•^) interact with the pre-existing aqueous CO~2~ and HCO~3~^--^ ions, leading to the formation of large amounts of H~2~ and O~2~ gases ([reaction [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}).^[@ref28]^

Water depletion drives the carbonic acid consumption reaction ([reaction [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}).

The formation of carbon dioxide gas is promoted by the increasing concentration of aqueous carbon dioxide ([reaction [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}).

Finally, [reactions [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"} must also proceed, ultimately leading to the nucleation of calcium carbonate minerals. In other words, the nucleation of calcium carbonate is ascribed to the increased degree of saturation of the solution and the subsequent deteriorated stability of the ions. Further irradiation promotes the growth of crystals, composed of three stages: nucleation, diffusion-limited growth, and Ostwald ripening/coalescence. Our findings show that CaCO~3~ minerals sequentially nucleate from aragonite to calcite, which is consistent with Ostwald's rule of stages. Moreover, under highly supersaturated conditions, the metastable aragonite phase is stabilized with calcite until the cessation of growth ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

3. Conclusions {#sec3}
==============

In conclusion, GLC-TEM enables us to demonstrate the mineralization dynamics and polymorphs of calcium carbonate with low mass--thickness contrast in TEM. Utilizing *in situ* HRTEM analysis, we observe in real-time that the calcite polymorph grows sequentially after the metastable form of aragonite and verify that the aragonite finally precipitates under the highly supersaturated conditions along with the calcite in the GLC. These results describe the approaches for the selective growth of polymorphs with the control of supersaturation. In addition, we demonstrate that the mineralization process has three stages: nucleation, diffusion-limited growth, and Ostwald ripening/coalescence. This work implies that the GLC allows us to visualize the mineralization process at an atomic scale and hence promises the potential to extend into areas of low mass--thickness contrast materials such as polymers and biogenic substances.

4. Experimental Section {#sec4}
=======================

4.1. GLC Preparation {#sec4.1}
--------------------

Few-layer graphene membranes were synthesized using thermal chemical vapor deposition based on a previous work^[@ref29]^ and transferred onto a QUANTIFOIL holey-carbon TEM grid (Ted Pella, Inc.). The Kitano method was applied to the preparation of the precursor solution as follows.^[@ref30]^ Initially, CO~2~ gas was bubbled through a 5 mM suspended CaCO~3~ solution for 24 h. The solution was then filtered with a syringe filter and CO~2~ was bubbled again for another 2 h to dissolve the remaining nanoparticles. The GLC was fabricated by enclosing the prepared solution with few-layer graphene sheets. The graphene membranes separated the liquid specimen from the vacuum environment. An incident electron beam was used for TEM imaging to initiate the water evaporation. This method enabled us to control the dynamics without affecting other variables, such as pressure or temperature.

4.2. Pristine Particle Synthesis {#sec4.2}
--------------------------------

Pure calcite particles were used as a pristine material, and the *ex situ* experiment was carried out with the same precursor solution to investigate the effect of dynamics on the polymorph precipitation. The pristine nanoparticles were synthesized by the direct mixing method and characterized *via* TEM analysis and Raman spectroscopy ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_001.pdf)).^[@ref31]^ The sizes of the synthesized particles were approximately a few tens of nanometers ([Figure S6a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_001.pdf)), aiding in the preparation of a completely dissolved calcium bicarbonate solution during the CO~2~ bubbling process.

4.3. *In Situ* TEM {#sec4.3}
------------------

We used a Tecnai G^2^ F30 S-TWIN for real-time observations of the CaCO~3~ mineralization process. The accelerating voltage of the microscope was 80 keV, which has the favorable electron energy for the observation of low mass--thickness materials with an electron dosage of 50 e^--^/Å^2^·s in dark-field imaging and 837 e^--^/Å^2^·s in high-resolution imaging conditions. Dark-field images were obtained by positioning the objective aperture on the d-spacing of 2.07, 2.43, and 2.94 Å, corresponding to the calcite and aragonite polymorphs ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_001.pdf)). The liquid contrast was observed simultaneously with the precipitates because the diffuse scattered diffraction from the solution was included in the aperture.

To track the time-sequential changes in the particle growth, the following methods were used. First, time series images were extracted every 2 s from the video ([Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_002.mp4)). Second, the particles were identified by subtracting the Gaussian blurred image from the original image. Third, the edges of the particles were drawn. Finally, the number of particles and the projected area were calculated using the plugin of ImageJ software "Analyze Particles".

4.4. Critical Radius Calculation {#sec4.4}
--------------------------------

The calculation of the critical radius, *r*~c~, of the nucleation is based on the definition of the critical radius, which indicates that particles with radii smaller than the *r*~c~ would decay and those with greater radii than *r*~c~ would grow further. This means that the increase in the ratio of the number of particles larger than radius *r* over time would be locally maximized at *r*~c~ and approach 0 as *r* moves away from *r*~c~. Therefore, to determine *r*~c~, we introduce the ratio increment index as followswhere Δ*R*~*t*~1~,*t*~2~~(*r*) is the increase in the ratio of the number of particles larger than *r* between times *t*~1~ and *t*~2~. *r*~*t*~ is the radius of a particle at time point *t*. *n*~*r*~*t*~~ is the number of particles with radius *r*~*t*~. Therefore, the critical radius can be determined by the local maximum of the Δ*R*~*t*~1~,*t*~2~~(*r*).

4.5. Supersaturation Calculation {#sec4.5}
--------------------------------

The degree of supersaturation was calculated using classical nucleation theory, which correlates the critical radius for the growth of the nuclei with the supersaturation of the solutionwhere *r*~crit~ is the critical radius that corresponds to the minimum size at which a particle can survive in solution without being dissolved, γ is the interfacial energy of the particle (calcite: 142 × 10^--3^ N·m^--1^, aragonite: 149 × 10^--3^ N·m^--1^), *V*~m~ is the molar volume of a particle (calcite: 3.69 × 10^--5^ m^3^·mol^--1^, aragonite: 3.39 × 10^--5^ m^3^·mol^--1^), *R* is the universal gas constant, *T* is the temperature, and *S* is the supersaturation of the solution.^[@ref32],[@ref33]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01300](https://pubs.acs.org/doi/10.1021/acsomega.0c01300?goto=supporting-info).Low-magnification bright-field TEM images of GLCs; raw HRTEM images of calcite and aragonite; imaging conditions for DF-TEM; Ostwald ripening and coalescence of the particles; image processing procedure using IFFTs; bright-field TEM image, diffraction pattern, high-resolution TEM image, and Raman spectrum from pristine calcite nanoparticles; calcination of the calcite and CaO by electron beam radiolysis; SEM image and Raman spectrum of *ex situ*-precipitated calcium carbonate minerals under ambient conditions ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_001.pdf))*In situ* DF-TEM movie for CaCO~3~ mineralization and *in situ* HRTEM movie for CaCO~3~ mineralization ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_002.mp4))([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01300/suppl_file/ao0c01300_si_003.mp4))

Supplementary Material
======================

###### 

ao0c01300_si_001.pdf

###### 

ao0c01300_si_002.mp4

###### 

ao0c01300_si_003.mp4

The authors declare no competing financial interest.

This work was supported by the Nano-Material Technology Development Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT and Future Planning (2009-0082580), and NRF grant funded by the Korea government (MSIP; Ministry of Science, ICT & Future Planning) (NRF-2018R1C1B6002624).
